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Abstract
Introduction: Ewing's sarcoma is an aggressive childhood malignancy whose outcome has not
substantially improved over the last two decades. In this study, combination treatments of the HSP90
inhibitor AUY922 with either the ATR inhibitor VE821 or the ATM inhibitor KU55933 were investigated for
their effectiveness in Ewing's sarcoma cells.

Methods: Effects were determined in p53 wild-type and p53 null Ewing's sarcoma cell lines by �ow
cytometric analyses of cell death, mitochondrial depolarization and cell-cycle distribution. They were
molecularly characterized by gene and protein expression pro�ling, and by quantitative whole proteome
analysis.

Results: AUY922 alone induced DNA damage, apoptosis and ER stress, while reducing the abundance of
DNA repair proteins. The combination of AUY922 with VE821 led to strong apoptosis induction
independent of the cellular p53 status, yet based on different molecular mechanisms. p53 wild-type cells
activated pro-apoptotic gene transcription and underwent mitochondria-mediated apoptosis. p53 null
cells, however, accumulated higher levels of DNA damage, ER stress and autophagy, eventually leading to
apoptosis. Impaired PI3K/AKT/mTOR signaling further contributed to the antineoplastic combination
effects of AUY922 and VE821 in p53 null cells. In contrast, the combination of AUY922 with KU55933 did
not produce a cooperative effect.

Conclusion: Our study reveals that HSP90 and ATR inhibitor combination treatment may be an effective
therapeutic approach for Ewing's sarcoma irrespective of the p53 status.

Introduction
Ewing's sarcoma (ES) is the second most frequent bone cancer during childhood and adolescence [1–4].
85% of ES cases arise from a translocation of the EWSR1 gene with the FLI1 gene, resulting in the fusion
oncogene EWS-FLI1 [2, 3]. While EWSR1 participates in the DNA damage response (DDR) by recruiting
BRCA1 to resolve DNA:RNA hybrid structures, so-called R-loops, and for homologous recombination (HR)
[2, 3, 5], EWS-FLI1 prevents BRCA1-dependent DNA repair. Therefore, ES, although not harboring BRCA1 or
BRCA2 mutations, behaves like BRCA-de�cient tumors, rendering ES exceptionally vulnerable to DNA-
damaging treatments [2, 6]. Additional mutations in ES are rare, with STAG2, CDKN2A and TP53 being the
most frequently mutated genes [1, 3, 7, 4]. Yet, it should be noted that the ~ 10% of ES patients with
mutant p53 have a particularly poor prognosis [2, 7, 8, 4].

The therapy for ES consists of neoadjuvant chemotherapy, surgery and/or radiation of the tumor area,
followed by a multimodal treatment regimen with vincristine, doxorubicin, cyclophosphamide, ifosfamide
and/or etoposide [1, 3, 7, 4]. However, approximately 25% of the patients with metastasis at diagnosis are
resistant to intensive therapies [3]. The recurrence rates for patients with initially localized tumors are
about 25% and for patients with initially metastatic tumors 50–80%; of the patients with relapsed disease
less than 20% survive [1, 3]. The anti-ES tumor agents that hold promise to increase treatment
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effectiveness and to overcome resistance include inhibitors of growth factors, epigenetic modi�ers,
PARP1 inhibitors, p53 activators and PD-L1-based immune therapies [1–3, 7, 9, 8, 4]. Inhibitors of DDR
proteins may also be suitable to treat otherwise therapy-resistant p53 mutant ES cells [8]. However,
effective therapeutic strategies are unavailable and thus actively pursued to cure recurrent and metastatic
ES. Recently, inhibitors of ATR and ATR-mediated pathways, as well as of HSP90 have been shown to be
effective in ES in vitro [10, 6, 11, 12, 4, 13].

In the present study, we asked if combinations of HSP90 inhibitors (HSP90i) and ATR inhibitors (ATRi)
would exceed the cytotoxicity of the individual compounds in ES cells. We used AUY922 (also known as
NVP-AUY922 or luminespib), which is one of the most effective HSP90i, and VE821, a potent and speci�c
ATRi. Both AUY922 and the VE821 homolog VE822 (also known as VX-970, M6620 or berzosertib) are
tested in clinical phase I/II trials as single drug treatment or in combination with other chemotherapeutics
[14–16]. We found that VE821 strongly enhanced the effectiveness of AUY922 in both p53 wild-type (wt)
WE-68 and p53 null (-/-) A673 ES cells, thus offering a novel strategy to target ES cells irrespective of their
p53 status.

Materials And Methods
Cell culture and treatment

Dr. F. van Valen (Münster, Germany) kindly provided WE-68 cells. A673 cells were purchased from Sigma
Aldrich. HCT116 p53wt and p53-/- colon cancer cells were a gift from Dr. B. Vogelstein (Baltimore, MD,
USA). WE-68 cells were maintained in RPMI 1640, and A673 and HCT116 cells were maintained in DMEM
with 4.5 g/l glucose (Thermo Fisher). Media were supplemented with 10% FCS, 2 mM L-glutamine, 100
U/ml penicillin/streptomycin (Thermo Fisher). ES cells were cultivated in collagen-coated (5 μg/cm2;
Thermo Fisher) tissue culture �asks. Dr. A. Poth (Roßdorf, Germany) kindly provided BALB/c-3T3-A31-1-1
cells from Hatano Research Institute of Japan. BALB/c cells were maintained in DMEM/HAM's F-12 (3.0
g/l glucose; Biochrom) supplemented with 5% FCS and 100 U/ml penicillin/streptomycin. Only sub-
con�uent cells (about 70% con�uence) between the passages 20 to 40 were used for the BALB-CTA. All
cells were cultivated in a humidi�ed incubator at 37°C with 5% CO2.

Cells were treated with 0-50 mM AUY922, 1-10 µM VE821, 5-15 µM KU55933 (Selleck chemicals) or their
combinations for up to 72 h.

Crystal violet (Gentian violet) cell proliferation assay

Crystal violet staining was performed as previously described in [17].

BALB/c cell transformation assay (BALB-CTA)

The BALB-CTA was performed as previously described in [18].

Flow cytometric analysis of cell death and loss of mitochondrial transmembrane potential (ΔΨM)
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Analyses were performed as previously described in [19].

mRNA expression analysis by real-time RT-PCR

Total RNA was isolated using Peqgold Total RNA Kit including DNase digestion (Peqlab). RNA was
transcribed into cDNA using Omniscript (Qiagen). Real-time PCR was conducted using the 7900HT Fast
Real-Time PCR system (Thermo Fisher). Expression levels were normalized to β-2-microglobulin.
Reactions were done in duplicate using Taqman Gene Expression Assays (BAK1: Hs00832876_m1, BAX:
Hs00180269_m1, BCL2L11: Hs00708019_s1, BCL2L1: Hs00236329_m1, BCL2: Hs00608023_m1, MCL1:
Hs01050896_m1, CDKN1A: Hs00355782_m1, PMAIP1: Hs00560402_m1, BBC3: Hs00248075_m1, ATR:
Hs00992123_m1, ATM: Hs00175892_m1, CHEK1: Hs00967506_m1, CHEK2: Hs00200485_m1, AIFM1:
Hs00377585_m1, TP53: Hs01034249_m1, MDM2: Hs00242813_m1; β-2-microglobulin:
Hs00187842_m1) and Universal PCR Master Mix (Thermo Fisher). All procedures were carried out
according to the manufacturers' protocols. The relative expression levels were calculated by the 2(-ΔΔCt)

method.

Whole cell lysates and immunoblotting

Preparation of whole cell lysates and immunoblotting was performed as previously described in [19].
Antibodies used: ATR (1:1000; 13934S), cleaved caspase-3 (1:1000; 9661S), PARP1 (1:1000; 9542), CHK1
(1:1000; 2345), CHK2 (1:1000; 2662), BIM (1:2500; 2933S), LC3B (1:1000; 2775S), phospho-S15 p53
(1:2500; 9284S, all from Cell Signaling Technologies), ATM (1:2500; NB100-309, Novus Biologicals), p53
(1:5000; sc-965), BRCA1 (1:500; sc-6954), DR5 (1:1000; sc-166624), LAMP1 (1:2500; sc-20011; all from
Santa Cruz Biotechnology), p62 (1:2500; PM045, MBL) and phospho-S139 (γH2AX; 1:2500; 07-164, Merck
Millipore). Equal loading of protein was veri�ed by the detection of vinculin (1:5000; sc25336, Santa Cruz
Biotechnology) and α-tubulin (1:10000; T5168, Sigma Aldrich). Images were quanti�ed using ImageJ 1.8
(NIH).

Flow cytometry of cytosolic reactive oxygen species (ROS)

Before harvesting, cells were incubated with 2 μM 6-carboxy-2′,7′-dichlorodihydro�uorescein diacetate
(CM-H2DCFDA; Thermo Fisher) at 37°C for 30 min. Cytosolic ROS level were assessed by determining the
formation of �uorescent 6-carboxy-2′,7′-dichlorodihydro-�uorescein (CM-DCF). 10,000 cells per sample
were analyzed on a FACS Canto II (BD Bioscience); data were gated to exclude debris.

Flow cytometric analysis of cell cycle pro�les

Analyses were performed as previously described in [17].

Proteome analysis in A673 cells

Cell pellets (10 million cells per biological replicate from all conditions) were thawed on ice and
resuspended in 0.5 ml of PBS. Subsequently, 0.5 ml of a 2x lysis buffer was added (�nal 100 mM HEPES,
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50 mM DTT, 4% SDS). Protein concentration was expected to be around 1 mg/ml. Cell lysates were
sonicated (Bioruptor Plus, Diagenode) with 10 cycles (1 min ON, 30 sec OFF, 20°C), before heating at 95°C
for 10 min. The sonication was repeated once. Following alkylation (15 mM iodoacetamide, 30 min, RT in
the dark), 50 µg protein per sample was precipitated in ice-cold acetone (4x sample volume, overnight,
-20°C). Protein pellets were obtained by centrifugation (20000g, 30 min, 4°C) and were washed twice with
400 µl ice-cold 80% acetone/water. Pellets were vortexed and centrifuged (10 min after �rst wash, 2 min
after second, at 20000g, 4°C), before resuspension by sonication (as described before) in lysis buffer
(100 mM HEPEs, 3 M Urea, pH 8.0) at a concentration of 1 µg/µL. Digestion with Lys-C (1:100
enzyme/protein; Wako) was carried out for 4 h at 37°C, followed by 1:2 dilution with water and a
secondary digestion with trypsin (1:100 enzyme/protein; Promega) performed overnight at 37°C. Digested
peptides were acidi�ed by the addition of 10% TFA to obtain pH 2 and then desalted using an Oasis®
HLB μElution Plate (Waters Corporation). Digested peptides were spiked with the indexed retention time
peptide (iRT) kit (Biognosys AG) and separated by the nanoAcquity M-Class Ultra-High Performance
Liquid Chromatography system (Waters) �tted with a trapping (nanoAcquity Symmetry C18, 5 µm, 180
µm x 20 mm) and an analytical column (nanoAcquity BEH C18, 1.7 µm, 75 µm x 250 mm). The outlet of
the analytical column was coupled directly to a Q-Exactive HF-X (Thermo Fisher Scienti�c) using the
Proxeon nanospray source. Solvent A was water, 0.1% FA and solvent B was acetonitrile, 0.1% FA.
Samples were loaded at constant �ow of solvent A at 5 μl/min onto the trap for 6min. Peptides were
eluted via the analytical column at 0.3 μl/min and introduced via a Pico-Tip Emitter 360 μm OD x 20 μm
ID; 10 μm tip (New Objective). A spray voltage of 2.2 kV was used. During the elution step, the percentage
of solvent B increased in a non-linear fashion from 0% to 40% in 120 min. Total run time was 145 min.
The capillary temperature was set at 300°C. The RF lens was set to 40%. MS conditions were: Full scan
MS spectra with mass range 350-1650 m/z was acquired in pro�le mode in the Orbitrap with resolution
of 120000 FWHM. The �lling time was set at maximum of 60 ms with limitation of 3e6 ions. DIA scans
were acquired with 40 mass window segments of differing 20 widths across the MS1 mass range. The
default charge state was set to 3+. HCD fragmentation (stepped normalized collision energy; 25.5, 27,
30%) was applied and MS/MS spectra were acquired with a resolution of 30000 FWHM with a �xed �rst
mass of 200 m/z after accumulation of 3e6 ions or after �lling time of 35 ms (whichever occurred �rst).
Data was acquired in pro�le mode. For data acquisition and processing of the raw data XCalibur 4.0
(Thermo Scienti�c) and Tune version 2.9 were employed. For sample-speci�c spectral library generation,
data was acquired from samples from each condition in data-dependent acquisition (DDA) mode, using
the same gradients as the DIA analyses. Both DIA and DDA data were included in the library generation.
The data were searched against the human Uniprot database using the Pulsar search engine (Biognosys
AG). The following modi�cations were included in the search: Carbamidomethyl (C) (Fixed) and
Oxidation (M)/Acetyl (Protein N-term) (Variable). A maximum of 2 missed cleavages for trypsin were
allowed. The identi�cations were �ltered to satisfy FDR of 1% on peptide and protein level. The resulting
library contained 99274 precursors corresponding to 6334 protein groups. Precursor matching, protein
inference, and quanti�cation were performed in Spectronaut using median peptide and precursors (no
TopN). Relative quanti�cation was performed in Spectronaut (version 13.1.190621, Biognosys AG) using
the paired samples (according to the day of cell harvesting) from each condition across the replicates.
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The data (candidate table) and data reports (protein quantities) were then exported and further data
analyses and visualization were performed with R-studio (version 0.99.902) using in-house pipelines and
scripts. Proteome data sets were further processed using ingenuity pathway analysis (IPA; Quiagen)
(cutoff of q<0.05).

Results

Apoptosis induction in ES cells after inhibitor combinations
We treated p53wt WE-68 and p53−/− A673 cells with AUY922, as well as with VE821 to study p53-
dependent effects. In comparison, we also applied the ATM inhibitor (ATMi) KU55933 to study the role of
different DDR pathways upon HSP90 inhibition. As readouts, we measured the loss of the mitochondrial
transmembrane potential (ΔΨM), a marker for apoptosis [19, 17, 20], and cell death by �ow cytometry. We
combined AUY922 with either VE821 (short AUY-VE) or KU55933 (short AUY-KU). Low nanomolar
concentrations of AUY922 induced ΔΨM loss and cell death in both ES cell lines (Fig. 1A-D). Yet
combinations with either VE821 or KU55933 enhanced the cytotoxicity of AUY922, with a stronger effect
of AUY-VE (Fig. 1A-D). The ΔΨM decay reached 90% in WE-68 cells, but only 64% in A673 cells after AUY-
VE (compare Fig. 1A and C), suggesting a p53-dependent induction of mitochondrial-mediated apoptosis
in p53wt cells.

Ampli�cation of AUY922-mediated cellular damages by AUY-VE but not by AUY-KU

Since HSP90i are known to induce DNA damage [21], we analyzed the expression level of key DDR
molecules, together with DNA damage markers by Western blotting. AUY922 and AUY-VE strongly
reduced the expression of ATR and CHK1 and mildly reduced that of ATM, while they did not affect CHK2
protein levels in both ES cell lines (Fig. 1E-G). Interestingly, BRCA1 expression showed cell line speci�c
responses to the treatments: it was decreased in A673 cells and increased in WE-68 cells (particularly
more obvious at high concentrations). AUY-KU, however, increased the abundance of all studied DDR
proteins in WE-68 cells and of ATM and CHK1 in A673 cells.

In addition, AUY922 and AUY-VE induced signs of apoptosis and DNA damage. High concentrations of
AUY922 induced the expression of p53, phosphorylation of p53 (p-p53) and of H2AX (γH2AX), both signs
of active DDR [22, 23], as well as the cleavage of PARP1 (cl-PARP1) and caspase-3 (cl-caspase3) in WE-
68 cells, indicative of ongoing apoptosis [17] (Fig. 1E). AUY-VE treatments strongly increased the level of
γH2AX, cl-caspase3 and cl-PARP1, p53 and p-p53. In contrast, AUY-KU abolished their presence,
suggesting a protective function of KU55933 (Fig. 1E). In A673 cells, AUY922 also induced cl-caspase3
and cl-PARP1 but to a lesser extent (comparing Fig. 1E and 1F). However, the level of γH2AX was
decreased at high concentrations of AUY922, likely due to a strong depletion of DDR proteins, i.e., ATM
and ATR in A673 cells that impaired DNA damage recognition [23]. AUY-VE and AUY-KU enhanced the
level of γH2AX and cl-PARP1, but not of cl-caspase3, whereas the AUY-VE effects were stronger and more
persistent (Fig. 1F).
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Increased treatment effectiveness of AUY-VE in p53 wild-type ES cells

This led us to study whether the effects of the drug treatment are re�ected in cell proliferation. A crystal
violet-based assay showed that AUY922 decreased cell proliferation in the ES cell lines in a
concentration- and time-dependent fashion. After 24 h, cell densities were already signi�cantly reduced by
AUY922, with stronger effects being observed in WE-68 (61%; p < 0.001) than in A673 cells (23%; p < 0.05)
(Fig. 2A,B and Fig. S1A,B). The effects were even more pronounced after 48 h. Cell densities of WE-68
cells went close to zero after 72 h treatment with 30–45 nM AUY922 (p < 0.001), whereas cell densities of
A673 cells after 72 h were just reduced about 20% compared to their initial control value at 24 h and
thereafter remained unchanged (Fig. 2A,B). Remarkably, AUY-VE enhanced the effectiveness on WE-68
cells proliferation after 48 and 72 h co-treatment. To our surprise, we did not �nd differences in cell
densities of A673 cells at any time point after AUY-VE or AUY-KU compared to AUY922 alone (Fig. 2B).
We speculated that ES cells underwent cell cycle arrest due to the treatments. However, �ow cytometry
did not detect any prominent alterations of cell cycle pro�les (Fig. S1C-G). The weaker effects on cell
proliferation (density) observed in A673 cells were likely the result of lower apoptosis level because of
p53 de�ciency.

AUY-VE is suitable to treat other types of cancer beyond ES

To analyze if our observations could be generalized or are limited to ES cells, we used isogenic p53wt and
p53−/− HCT116 cells and analyzed them by Western blotting (Fig. 2A). AUY922 decreased the expression
of ATR, ATM and BRAC1 in both cell lines. VE821 and AUY-VE had no effect on ATM stability but further
reduced the levels of BRCA1 and ATR. HCT116 p53wt cells had more cl-caspase3 after AUY922 treatment,
which was further increased after AUY-VE treatment, whereas p53−/− cells had less cl-caspase3, despite
more DNA damage, judged by γH2AX. Similarly, the level of cl-PARP1 was increased more in p53wt than in
p53−/− cells after AUY922 and AUY-VE treatment. Overall, we found similar protein alterations in both
studied cancer cell types (compare Fig. 1E,F and Fig. 2A) by AUY and AUY-VE, with stronger effects in ES
cells. Furthermore, we performed a BALB/c cell transformation assay (BALB-CTA) [18] to study the
therapeutic potential of AUY-VE (Fig. 2C,D and Fig. S2B). Malignant transformation of BALB/c cells was
induced via consecutive MCA and TPA treatments. AUY922 (30–45 nM) reduced the number of type-III
foci (Fig. 2C,D). AUY-VE led to a further reduction even at low concentrations (15 or 45 nM AUY922, p < 
0.05; Fig. 2D). Thus, AUY-VE showed therapeutic potential beyond ES cells.

Activation of p53 target gene transcription in WE-68 cells after AUY-VE treatment

To gain further molecular understanding, we analyzed mRNA expression level by qPCR (Fig. 3). In WE-68
cells, we saw upregulated levels of the pro-apoptotic BAK1, BAX (p < 0.01) and BCL2L11 (BIM) (p < 0.05)
after AUY922 treatment, with the p53 target gene BAX [24] showing the strongest effects. AUY-VE further
increased, whereas AUY-KU decreased their mRNA levels (Fig. 3A). In A673 cells, we found no change of
BAK1 and BAX, but an increase of BCL2L11 expression after AUY922 (p < 0.01; p < 0.05 to WE-68)
treatment, which was not affected by AUY-VE or AUY-KU. Among anti-apoptotic BCL2 family members,
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BCL2L1 (BCL-Xl) and MCL1 mRNAs remained unchanged in both ES cell lines (Fig. 3B). BCL2 was
slightly increased after AUY922 (p < 0.001) in WE-68 but not in A673 cells, which were further enhanced
by AUY-KU (p < 0.05 to A673). Since we discovered recently an important function of AIF in p53 null ES
cells [19], we also determined AIFM1 (AIF) mRNA expression after AUY922 treatments (Fig. S2C).
However, we found only a mildly elevated AIFM1 (p < 0.05 for A673) in both ES cell lines, which was
however not affected by AUY-VE or AUY-KU. Thus, AIF seemed to be not involved in apoptosis induction
after AUY-VE treatment.

Next, we analyzed more p53 target genes and found that AUY922 increased the mRNA expression of
CDKN1A (p21) and pro-apoptotic BBC3 (PUMA) [24] (p < 0.05 for both), which were both greatly further
enhanced by AUY-VE in WE-68 cells (Fig. 3C). In contrast, AUY-KU did not change CDKN1A and BBC3
mRNAs levels. The mRNA of pro-apoptotic PMAIP1 (NOXA) [24] was increased after AUY922 treatment (p 
< 0.01 in both ES cell lines) and remained unchanged after AUY-KU and AUY-VE. Further, we found a small
increase of TP53 (p < 0.01) after AUY922 in WE-68 cells, which was not affected by AUY-VE or AUY-KU
(Fig. S2D). In contrast, MDM2 levels were signi�cantly increased after AUY922 (p < 0.01), further
enhanced by AUY-VE, but decreased by AUY-KU (Fig. S2D), similar to the pattern of pro-apoptotic p53
target genes (Fig. 3A,C).

Since the treatments had affected the expression of DDR proteins, we also investigated the mRNA levels
of ATR, ATM, CHEK1 and CHEK2 and found that ATM and CHEK1 mRNAs were not impaired by the
treatments. The expression of ATR (p < 0.05 for A673; p < 0.01 for WE-68) and CHEK2 (p < 0.01 for A673; p 
< 0.05 for WE-68) was increased by AUY922 but not affected by AUY-VE or AUY-KU (Fig. 3D,E). These
results suggest that the decay of DDR proteins (see Fig. 1E,F) was not the result of altered gene
expression, but rather of reduced protein stabilities. Taken together, upregulation of pro-apoptotic p53
target gene expression by AUY922 and further enhanced by AUY-VE can explain the strong induction of
apoptosis in p53wt WE-68 cells (Fig. 1A-D).

Pro-apoptotic ER stress occurs in A673 cells after AUY-VE treatment

In both ES cell lines, BIM and DR5 accumulated in response to AUY922 (Fig. 4A-C), which re�ect
endoplasmic reticulum (ER) stress [25, 26]. Western blot analysis revealed that AUY-VE had no additional
effect on DR5, but further increased BIM levels in A673 cells. AUY-KU had no additional effect on BIM, but
decreased the expression of DR5 in both ES cell lines (Fig. 4A-C). Flow cytometry showed that reactive
oxygen species (ROS), another sign of ER stress [27], were decreased in WE-68 cells after AUY922
treatment (Fig. S2E). In contrast, they accumulated in A673 cells and reached a plateau at 30–45 nM.
The amount of ROS, however, was not affected by AUY-VE or AUY-KU in the ES cell lines.

To study the autophagy response as a result of ER stress, we analyzed LC3B, p62 and LAMP1
expressions [28, 29] (Fig. 4D-F). P62 decreased in both ES cell lines in response to AUY922 and AUY-VE.
AUY-KU increased the p62 level in WE-68 cells, but had no additional effect in A673 cells compared to
AUY922. LAMP1 was decreased after AUY922, which however was stabilized by AUY-VE in both ES cell



Page 10/32

lines. The total amount of LC3B was only mildly affected by AUY922 or AUY-VE in WE-68 cells, whereas
more LC3B-I converted to LC3B-II after both treatments, indicating ongoing autophagy [28]. In A673 cells,
the total LC3B level was increased by AUY-VE, indicative of stronger autophagy in these cells, whereas
none of the treatments changed the LC3B-II/-I ratio. In sum, AUY922 induced in both ES cell lines pro-
apoptotic ER stress and autophagy, and AUY-VE particularly enhanced them in A673 cells. AUY-KU
showed again opposite effects to AUY-VE.

Proteome analysis of A673 cells validates ER stress induction after AUY-VE

Finally, we performed quantitative mass spectrometry analysis of the whole A673 cell proteome to
validate our �ndings (Fig. 5, Figs. S3,4; for individual protein changes refer to File S1). AUY922 and AUY-
VE induced the strongest proteome alterations (Fig. S3A-C and File S1), which was re�ected by PCA
analysis (Fig. S3D). Ingenuity pathway analysis (IPA) of the data sets (cutoff: q < 0.05) (Fig. 5A-D and Fig.
S4A,) showed that both AUY922 and AUY-VE decreased DNA maintenance pathways alongside growth
factor signaling and cytoskeletal organization, but activated the chaperone regulator BAG2 and PI3K/AKT
signaling (Fig. 5A), although corresponding proteins decreased (File S1). In addition, all treatments
reduced cell viability and proliferation of A673 cells and activated cell death and apoptosis (Fig. 5B), with
the strongest effect by AUY-VE. These pathway alterations were regulated by proteins involved in cell
cycle regulation and proliferation, in�ammation, DNA damage recognition, cancer progression and stress
response [30–35] (Fig. 5C). IPA further predicts strong mitochondrial dysfunctions, oxidative stress and
changes of fatty acid (FA) metabolism after AUY922 and VE821 single-treatments (Fig. S4A,B) and most
prominently after AUY-VE (Fig. 5D).

Moreover, we found an overlap of 208 proteins among the differentially expressed proteins (DEPs; cutoff:
q < 0.05) of all three treatments, which were altered in the same direction (Fig. 5E and File S1). IPA
showed that they are involved in apoptosis and cell proliferation, FA and cholesterol metabolism (Fig.
S4C,D). In parallel, we found 630 DEPs (cutoff: q < 0.05) which were unique for AUY-VE (Fig. 5E and File
S1) and IPA showed that they were involved in reduced cell survival, cytoskeletal organization, DNA
maintenance, increased cell death, oxidative stress and mitochondrial dysfunctions (Fig. S4E,F). These
�ndings indicate that AUY922, VE821 and their combination share common molecular targets, which
mediate the synergisms between both compounds. In correlation with our initial experiment (Fig. 1), AUY-
VE further promoted cell death in A673 cells by increasing mitochondrial dysfunctions and DNA
damages.

Discussion
In our study, we show that the combination of ATRi and HSP90i ampli�ed their individual effects. AUY922
induced DNA and mitochondrial damage, ER stress and autophagy, in both tested ES cell lines, whereas
the combination with VE821 increased apoptosis based on two distinct mechanisms. KU55933, however,
had rather protective effects. Although ATM and ATR share common cytosolic phosphorylation targets
[36], their functions upon HSP90 inhibition seem to be in opposition. ATR is activated by SSBs and
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replicative stress (RS) to maintain genomic stability [15, 37, 36]. ES cells, which are de�cient in BRCA1-
mediated HR, suffer from permanent RS, rely on ATR-CHK1 pathways and are thus sensitive to ATRi [10,
6, 2, 3]. In addition, we found that both ATRi and HSP90i share a set of common molecular targets,
involved in cell vitality and proliferation, and ER stress response. Hence, AUY-VE greatly increased the
apoptosis and cell death compared to AUY922. In p53wt WE-68 cells, AUY-VE enhanced the amount of
DNA damage and p-p53 levels compared to AUY922, leading to pro-apoptotic gene expression and
mitochondria-mediated apoptosis, re�ected by high level of ΔΨM loss, cl-caspase-3 and cl-PARP1 [17].
The ATM-mediated phosphorylation of p53 [37, 38] after AUY922 and AUY-VE treatments seemed to be
necessary to induce the pro-apoptotic gene expression in WE-68 ES cells. AUY-KU abolished the
phosphorylation/activation of p53 and impaired its pro-apoptotic target gene transcription, which
sheltered WE-68 cells from pronounced apoptosis.

A673 cells, lacking p53, had lower levels of apoptosis and their proliferation was less impaired by
AUY922, validating that p53 null/mutant ES cells are more therapy resistant [7, 8]. Intriguingly, AUY-VE
also increased the apoptosis in A673 cells resulting from high level of ER stress, autophagy, strongly
reduced DDR proteins and, hence, unrepaired DNA damage. Contrary to this, AUY-KU stabilized the
expression of DDR proteins in both ES cell lines and reduced ER stress marker in A673 cells compared to
AUY922. This may explain the low combined effectiveness of AUY-KU compared to AUY-VE.

In the following, we will discuss single aspects of our study in detail. ATR, CHK1, DNA-PK, FANCA and
BRCA2 are known HSP90 clients and HSP90i decrease their abundance [39, 40]. In both ES cell lines,
AUY-VE increased γH2AX level, which decreased at higher concentrations in A673 cells, suggesting an
accumulation of unrecognized DNA damages linked to depleted DDR proteins. We found by Western
blotting and proteome analysis that AUY922 reduced the abundance of several DDR proteins, namely
ATM, ATR, CHK1, BRCA1, ERCC and FANC proteins, 53BP1, RAD proteins, WRN, XRCC, expanding the list
of known HSP90 clients from the DDR. AUY-VE further decreased their levels with strongest effects in
A673 cells and hence, impaired DDR pathways. The stronger accumulation of γH2AX and depletion of
DDR proteins after AUY-VE in p53−/− cells was con�rmed in HCT116 cells.

HSP90 family proteins are located within the cytosol, nucleoplasm, ER and mitochondria and are
responsible for folding, stability, activation and turnover of several client proteins [14]. Thus, HSP90i
induce unfolded protein response (UPR) and ER stress leading to an accumulation of chaperones and ER
structures [41, 25, 42, 43] and to apoptosis in severe cases [44, 42, 45–47]. In line with this, we found an
overexpression of ER, Golgi and lysosomal/endosomal proteins in A673 cells after AUY-VE treatment,
indicating ER stress in these cells. BIM, PUMA, BAX and BAK are important to mediate ER stress-induced
apoptosis; DR5 and caspase 8 are involved, but not essential [41, 25, 42, 26, 45]. We observed an
accumulation of BIM and DR5 in response to AUY922 in ES cells. BIM protein and mRNA levels were both
enhanced by AUY-VE, speci�cally in A673 and hence, BIM in concert with DR5 seems to play an important
function for ER stress-mediated apoptosis in these cells. PUMA, BAX and BAK mRNAs increased only in
WE-68 cells, which showed less sign of ER stress, but of mitochondrial-mediated apoptosis after AUY-VE
treatment. P53 target genes are involved in cell cycle arrest, DNA repair, apoptosis, metabolism,
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autophagy and mRNA translation [24, 48]. Dependent on the type, duration and level of stress, p53
mediates either repair or cell death function [49, 38, 50]. Hence, it is plausible that VE821 and the
connected higher degree of DNA damage changed the cell fate decision determined by p53 and induced
the intrinsic apoptosis pathway in WE-68 cells.

The HSP90i geldanamycin induces autophagy via inhibition of AKT/mTOR signaling in osteosarcoma
cells [46]. Although we found an increased expression of LC3B, elevated level of mTOR and LAMTOR
after AUY-VE treatment, AKT, p62, ATG family and RICTOR protein levels were decreased. Thus, mTORC2
and macroautophagy seemed to be impaired, whereas lysosomal/endosomal processes were activated
[51, 52]. Chaperone-mediated autophagy (CMA) involves HSP70, LAMP2 and lysosomes to regulate cell
metabolism, in�ammation and the cell cycle in response to stress [28, 53, 54]. We found HSP70 family
proteins upregulated in A673 cells, indicating CMA after AUY-VE treatment. BAG2 signaling was predicted
to be active after AUY-VE. BAG2 interacts with HSP70 to regulate its functions and suppresses apoptosis
induction via BCL2 protein interactions [55, 56]. Thus, BAG signaling might contribute to CMA and
apoptosis induction in A673 cells.

ES cells have an aberrant activity of AKT, (p)ERK, MYC, HIF1α, VEGF and IGF proteins [3, 8, 13], which are
all decreased by HSP90i [14, 57, 42, 45, 4]. This was con�rmed by our proteome analysis. PI3K/AKT
signaling and high SIRT1 expression is associated with metastasis of ES cells [3]. During metastasis, an
epithelial-to-mesenchymal transition is described for a subpopulation of ES cells, which involves the
reorganization of the cytoskeleton [3]. Intriguingly, we found reduced levels of SIRT1, SIRT2, AKT and
PI3K subunits together with several cytoskeletal proteins in A673 cells. The fusion protein EWS-FLI1
suppresses wild-type EWSR1 functions to activate RNAPII and transcription [2, 3, 58]. BCOR and
epigenetic modi�ers are involved in the transcriptional regulation of ES cells [58, 3]. We found BCOR and
several epigenetic modi�ers, including KATs/KDACs and KDMs/KMTs downregulated after AUY-VE,
potentially thwarting EWS-FLI1 activities. In addition, sirtuin signaling was predicted to be inactive. SIRT3
was the only exception accumulating after AUY-VE treatment. SIRT3 expression is induced by ER,
metabolic or oxidative stress and activates metabolic adaptations and autophagy [43, 59, 60], which
corresponds to our observations in A673 cells. In addition, we found repressed ERBB2 (HER2) and
FOXM1 signaling, both of which are involved in tumor progression and metastasis [34, 32]. Thus, AUY-VE
might be suitable for the treatment of aggressive/metastatic ES tumors.

Conclusions
This study establishes a novel anti-cancer strategy to treat ES cells by combination of HSP90i and ATRi,
which proved to be highly effective irrespective of their p53 status and thus offers the possibility to target
even therapy-resistant or metastatic ES. The combined effectiveness of AUY-VE originated from (i) a
depletion of DDR proteins and an accumulation of DNA damages, (ii) pro-apoptotic gene transcription
and mitochondrial apoptosis in p53wt cells, but high level of ER stress and autophagy in p53−/− cells, and
(iii) globally impaired PI3K/AKT/mTOR signaling. BALB-CTA tests and experiments in colon cancer cells
showed the therapeutic potential of AUY-VE beyond ES cells. Since HSP90i and ATRi are already used to
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treat various types of cancer in clinical phase I/II trials [14, 61, 15, 10, 16, 57], their combinations could
further increase their effectiveness and improve the prognosis of patients, especially for BRCA- and p53-
de�cient tumor entities.

Abbreviations
ATMi ATM inhibitor

ATRi ATR inhibitor

AUY-KU combined treatment with AUY922 and KU55933

AUY-VE combined treatment with AUY922 and VE821

BALB-CTA BALB/c cell transformation assay

cl cleaved

CMA chaperone-mediated autophagy

DDR DNA damage response

DEPs differentially expressed proteins

ER endoplasmic reticulum

ES Ewing's sarcoma

FA fatty acids

HR homologous recombination

HSP90i HSP90 inhibitor
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p53−/− p53 null

p53 wt p53 wild-type

ROS reactive oxygen species

RS replicative stress

SSBs single strand breaks

UPR unfolded protein response
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Supplementary Information
Additional �le 1:

Figure S1. Analysis of cell proliferation and cell cycle distribution. (A) WE-68 and (B) A673 cells were
treated with 15-45 nM AUY922, 2 µM VE821, 5 µM KU55933 and their combinations for up to 72 h. Cell
densities were analyzed using crystal violet. Quanti�cations are shown in Fig. 2A-B. (C) WE-68 and (D)
A673 cells were treated with 15-45 nM AUY922, 2 µM VE821, 5 µM KU55933 and their combinations for
24 h. (E-G) Cells were treated with the indicated concentrations of AUY922 (E), VE821 (F) or KU55933 (G)
for 48 h. Cell cycle distributions were determined by �ow-cytometric analysis of PI-stained ethanol-�xed
cells. (A-B) are representative for three independent experiments. Mean ± SEM of two (D) or three (C, E-G)
independent experiments are shown.

Additional �le 2:

Figure S2. Analysis of molecular alterations. (A) Otherwise isogenic p53 wt and p53-/- HCT116 cells were
treated with 45 nM AUY922 ± 2 µM VE821 for 24 h. Analysis of indicated proteins was done by Western
blotting after 24 h, vinculin was used to control protein loading. Immunoblots are representative for two
independent experiments. (B) Schematic work�ow of the BALB/c cell transformation assay (BALB-CTA).
WE-68 cells were treated with 30 nM AUY922, 1 µM VE821, 7.5 µM KU55933 and their combinations;
A673 cells were treated with 15 nM AUY922, 1 µM VE821, 5 µM KU55933 and their combinations. DMSO
was used for control. (C-D) The mRNA expression of indicated genes was analyzed after 24 h by qPCR.
All graphs show the mean ± SEM of three independent experiments (*p<0.05; **p<0.01; ***p<0.001). (E)
WE-68 and A673 cells were treated with 15-45 nM AUY922, 2 µM VE821, 5 µM KU55933 and their
combinations for 24 h. Intracellular reactive oxygen species (ROS) level were analyzed by �ow cytometry
using CM-H2DCFDA. The graphs show the mean ± SEM of three independent experiments.

Additional �le 3.
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Figure S3. Proteome analysis in A673 cells. A673 cells were treated with 45 nM AUY922 ± 2 µM VE821 for
24 h, and a quantitative whole proteome analysis was done by mass spectrometry from three individual
experiments. Volcano plots show highly altered proteins (cutoff: q<0.05; log2-fold change >0.5) after
AUY922 (A), VE821 (B) and their combination (AUY922+VE821) (C). (D) A principal component analysis
(PCA) was done on the proteome data set using R studio. The three replicates of each treatment are
shown together with their median value (biggest symbol): DMSO (control) in blue, AUY922 in pink, VE821
in green and AUY922+VE821 in magenta. The circles around each group were inserted by hand after PCA
for better visual separation.

Additional �le 4.

Figure S4. Ingenuity pathway analysis of the proteome data set. A673 cells were treated with 45 nM
AUY922 ± 2 µM VE821 for 24 h, and a quantitative whole proteome analysis was done by mass
spectrometry from three individual experiments. The proteome data set was further processed by
ingenuity pathway analysis (IPA; cutoff: q<0.05) for toxicities after AUY922 (A) or VE821 (B) treatments.
The common set of 208 overlapping differentially expressed proteins (DEPs) between AUY922-VE821
combinations (AUY-VE) and single treatments was processed by IPA for diseases and biofunctions (C)
and toxicities (D). The unique set of 630 DEPs after AUY-VE treatments was processed by IPA for
diseases and biofunctions (E) and toxicities (F).

Additional �le 5.

Proteome alterations in A673 cells induced by AUY922 and VE-821 treatment.

Figures
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Figure 1

Increased apoptosis after ATRi and HSP90i combinations. P53 wild-type WE-68 and p53 null A673 cells
were treated with the indicated concentrations of AUY922, VE821, KU55933 and their combinations.
DMSO was used as control. (A-D) The loss of the mitochondrial transmembrane potential (ΔΨM) and cell
death were assessed by �ow cytometry after 48 h. All graphs show the mean ± SEM of three independent
experiments. WE-68 and A673 cells were treated with 15-45 nM of AUY922, 2 µM of VE821, 5 µM of
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KU55933 and their combinations. (E-F) Analysis of indicated proteins was done by Western blot after 24
h; vinculin was used to control protein loading. Immunoblots are representative of two independent
experiments. Quanti�cation of selected proteins is shown in (G).

Figure 1

Increased apoptosis after ATRi and HSP90i combinations. P53 wild-type WE-68 and p53 null A673 cells
were treated with the indicated concentrations of AUY922, VE821, KU55933 and their combinations.
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DMSO was used as control. (A-D) The loss of the mitochondrial transmembrane potential (ΔΨM) and cell
death were assessed by �ow cytometry after 48 h. All graphs show the mean ± SEM of three independent
experiments. WE-68 and A673 cells were treated with 15-45 nM of AUY922, 2 µM of VE821, 5 µM of
KU55933 and their combinations. (E-F) Analysis of indicated proteins was done by Western blot after 24
h; vinculin was used to control protein loading. Immunoblots are representative of two independent
experiments. Quanti�cation of selected proteins is shown in (G).

Figure 2
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Decreased cell proliferation after AUY-VE in WE-68 cells. (A-B) WE-68 and A673 cells were treated with 15-
45 nM of AUY922, 2 µM of VE821, 5 µM of KU55933 and their combinations. Cell densities at 24, 48 and
72 h after treatment were assessed by crystal violet-based cell proliferation assays. DMSO was used as
control. (C) Representative images of a BALB/c cell transformation assay (BALB-CTA) after 72 h of
treatment with 15-45 nM AUY922 ± 2 µM VE821. MCA/TPA-transformed cell foci are Giemsa stained and
appear in blue. Quanti�cation of the number of type-III foci/well from BALB-CTA experiments is shown in
(D). All graphs show the mean ± SEM of three independent experiments (*p<0.05; **p<0.01; ***p<0.001).

Figure 2
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Decreased cell proliferation after AUY-VE in WE-68 cells. (A-B) WE-68 and A673 cells were treated with 15-
45 nM of AUY922, 2 µM of VE821, 5 µM of KU55933 and their combinations. Cell densities at 24, 48 and
72 h after treatment were assessed by crystal violet-based cell proliferation assays. DMSO was used as
control. (C) Representative images of a BALB/c cell transformation assay (BALB-CTA) after 72 h of
treatment with 15-45 nM AUY922 ± 2 µM VE821. MCA/TPA-transformed cell foci are Giemsa stained and
appear in blue. Quanti�cation of the number of type-III foci/well from BALB-CTA experiments is shown in
(D). All graphs show the mean ± SEM of three independent experiments (*p<0.05; **p<0.01; ***p<0.001).
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Figure 3

Increased p53 target gene expression in WE-68 cells. WE-68 cells were treated with 30 nM of AUY922, 1
µM of VE821, 7.5 µM of KU55933 and their combinations; A673 cells were treated with 15 nM of AUY922,
1 µM of VE821, 5 µM of KU55933 and their combinations. DMSO was used as control. (A-E) The mRNA
expression of indicated genes was analyzed after 24 h by qPCR. All graphs show the mean ± SEM of
three independent experiments (*p<0.05; **p<0.01; ***p<0.001).
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Figure 3

Increased p53 target gene expression in WE-68 cells. WE-68 cells were treated with 30 nM of AUY922, 1
µM of VE821, 7.5 µM of KU55933 and their combinations; A673 cells were treated with 15 nM of AUY922,
1 µM of VE821, 5 µM of KU55933 and their combinations. DMSO was used as control. (A-E) The mRNA
expression of indicated genes was analyzed after 24 h by qPCR. All graphs show the mean ± SEM of
three independent experiments (*p<0.05; **p<0.01; ***p<0.001).
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Figure 4

Increased autophagy and ER stress in A673 cells. WE-68 and A673 cells were treated with 15-45 nM of
AUY922, 2 µM of VE821, 5 µM of KU55933 and their combinations for 24 h. DMSO was used for control.
(A-B) Analysis of indicated proteins was done by Western blot after 24 h; vinculin was used to control
protein loading. Immunoblots are representative of two independent experiments. Quanti�cation of
selected proteins is shown in (C). (D-E) Analysis of indicated proteins was done by Western blot after 24
h; vinculin was used to control protein loading. Immunoblots are representative of two independent
experiments. Quanti�cation of selected proteins is shown in (F).
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Figure 4

Increased autophagy and ER stress in A673 cells. WE-68 and A673 cells were treated with 15-45 nM of
AUY922, 2 µM of VE821, 5 µM of KU55933 and their combinations for 24 h. DMSO was used for control.
(A-B) Analysis of indicated proteins was done by Western blot after 24 h; vinculin was used to control
protein loading. Immunoblots are representative of two independent experiments. Quanti�cation of
selected proteins is shown in (C). (D-E) Analysis of indicated proteins was done by Western blot after 24
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h; vinculin was used to control protein loading. Immunoblots are representative of two independent
experiments. Quanti�cation of selected proteins is shown in (F).

Figure 5

ATRi and HSP90i share common molecular targets. A673 cells were treated with 45 nM AUY922 ± 2 µM
VE821 for 24 h and a quantitative whole proteome analysis was done by mass spectrometry from three
individual experiments (refer to File S1). The proteome data set was further processed by ingenuity
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pathway analysis (IPA; cutoff: q<0.05) for alterations among canonical pathways (A), diseases and bio
functions (B) and upstream regulators (C). The activation z-score of individual processes/molecules is
shown in green for activation and red for inactivation. (D) IPA of toxicities after AUY922 in combination
with VE821 (AUY-VE). (E) DEPs of individual treatments (cutoff: q<0.05) and their overlaps.

Figure 5
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ATRi and HSP90i share common molecular targets. A673 cells were treated with 45 nM AUY922 ± 2 µM
VE821 for 24 h and a quantitative whole proteome analysis was done by mass spectrometry from three
individual experiments (refer to File S1). The proteome data set was further processed by ingenuity
pathway analysis (IPA; cutoff: q<0.05) for alterations among canonical pathways (A), diseases and bio
functions (B) and upstream regulators (C). The activation z-score of individual processes/molecules is
shown in green for activation and red for inactivation. (D) IPA of toxicities after AUY922 in combination
with VE821 (AUY-VE). (E) DEPs of individual treatments (cutoff: q<0.05) and their overlaps.
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